We tracked two adult and three juvenile New Zealand falcons (Falco novaeseelandiae) in Kaingaroa Forest pine plantation from 2002 to 2008 using Argos satellite technology. The home ranges for both adults and juveniles varied, ranging between 44 and 587 km 2 . The falcons occasionally utilised areas outside the forest and used stands of all ages within the forest, generally in proportion to their availability. For the most part, the juveniles remained within ca. 8 km of their nests and dispersed at 58, 69, and 68 days after fledging. Falcon movement information was obtained from an average of four location points per tracking day per falcon at a putative accuracy of 350 m. The transmitters, including their solar charge capability, performed well in the forest environment. The use of all stand ages highlights the importance of forestry practises that maintain a mosaic of different aged pine stands.
Introduction
Protected since 1974 and classified as "Nationally Vulnerable" [1] , the New Zealand falcon (Falco novaeseelandiae) is the country's only endemic bird of prey. There are three identified forms distinguishable by their plumage, size, range, and habitat preference [2] , the Bush (c.1300 pairs), Southern (c.400 pairs), and Eastern (c.3150 pairs) forms [3] .
Destruction of the New Zealand falcon's habitat is reported to be a key factor leading to the species' decline [3] . Historically, the Bush form has bred in tall podocarp forests [4] , however, following extensive logging, falcons have been found nesting in clear-cut compartments of pine plantations within the Central North Island [4, 5] . Understanding more about the use of pine forests by falcons in New Zealand is of conservation importance. Plantation forests, if managed appropriately, may provide a suitable habitat for the recovery of this species [6] .
Until recently, there has been little research on this species. Fox [7] studied the biology of the Eastern form identifying home range and habitat use within their range on the north-west coast of the South Island. More recent research has focused on the Bush form within exotic forest plantations [8, 9] . Seaton [6] used ground-based VHF radio telemetry to study the home range, habitat use, and dispersal of falcons within Kaingaroa Forest. However, little is known about their year-round habitat use of falcons. This study assembles a long-term record of falcon movement within Kaingaroa Forest, that can be used to enhance policy and species management plans and to inform future researchers on the use of satellite technology for this species.
Argos satellite telemetry was identified as an effective tool for gathering long-term, continuous location data to map the falcons' use of specific areas. Holland and McCutcheon [8] undertook the first falcon satellite tracking study in New Zealand when they used an 18-g solar-powered satellite transmitter to monitor the movements of a 540-g female New Zealand falcon over a three-year period in Kaingaroa Forest. As an expansion of their pilot project, this paper updates their earlier work by reporting on the results from a further four satellite-tracked falcons in the same forest.
To assemble a long-term dataset and enhance our understanding of falcon movements and habitat use, we deployed five satellite transmitters for up to three years to monitor NZ falcons within Kaingaroa Forest. Specific objectives were to (1) quantify home range size, (2) determine seasonal home range patterns for adults, (3) determine selection of compartments of different ages, (4) describe the pattern of juvenile dispersal, and finally (5) evaluate the technical performance of the five transmitters under field conditions. We considered four components of performance: the number of locations obtained within each accuracy class, the efficiency of the duty cycle (preset on/off regime), the accuracy of the system, and the solar charging efficiency within this forest environment. This technical evaluation will aid in the interpretation of biological results to determine whether they functioned efficiently enough to underpin falcon management decisions.
Materials and Methods
Our study examines a breeding population of Bush falcons in Kaingaroa Forest, the oldest and largest softwood plantation forest in the world [10] . Located between Rotorua and Taupo on the volcanic plateau of New Zealand's central North Island, the 189,000-ha Kaingaroa Forest is a mosaic of approximately 1,400 intensively managed compartments of various-aged radiata pine (Pinus radiata). These compartments are mostly flat or gently sloping and are approximately 135 ha in size. Harvesting usually occurs at 25-30 years of age, followed by replanting within one year.
In this study, five solar powered Platform Transmitter Terminals (PTT), (Microwave Telemetry Inc., Columbia, Maryland, USA) were used to track falcon movements. PTT's are transmitters that send a signal via the Argos satellite system (C.L.S, Ramonville Saint-Agne, France). This system consists of polar orbiting satellites located 800 km above the earth equipped with Ultra High Frequency receivers. Each time the satellite passes over a PTT, it has approximately 10 minutes to calculate its location using the Doppler effect. The accuracy of each location point is assessed and assigned one of several Location Classes (LC). The standard deviation of positional error in latitudinal and longitudinal axes is claimed to be 150 m for LC 3, 350 m for LC 2, 1000 m for LC 1, and >1000 m for LC 0 [11] . When three or fewer messages are received by the satellite, the accuracy levels are LC A & B (no estimation accuracy) or LC Z (invalid location). Only locations with an Argos specified accuracy of <350 m (LC 3 and 2) were used for analysis.
Three of the PTT's were set to a 58-hour duty cycle (10 hrs on/48 hrs off) and two set to a 34-hour duty cycle (10 hrs on/24 hrs off). The off part of the duty cycle helped to conserve the batteries and provide enough time for adequate recharging from the solar panel. The PTT cycles were offset from the 24-hour daily cycle to avoid transmission at the same time each day. On periods, therefore, occurred at different times of the day and alternated between nocturnal and diurnal transmissions.
Three juvenile and two adult falcons were captured at nesting sites within Kaingaroa Forest using Bal-chatri and Dho-gaza traps [12] . Male falcons weigh between 252-500 g and females between 420-594 g (del Hoyo et al. 1994).
Twelve-gram PTT's were fitted to the juveniles and 18-g PTT's were fitted to the adults. Taking body weight into account, the transmitter weights were all less than 5% of the body mass of the falcons. Transmitters were attached to the back of the falcon with a 6-mm Teflon tube harness [13] using a standard backpack configuration.
Between February 2002 and August 2008, the falcon locations were downloaded from the Argos online data access system and maps were generated using a Geographic Information System (GIS) (ArcGIS ArcMap 9.2, Environmental Systems Research Institute, Redlands, California, USA). The data locations were recorded in latitude/longitude WGS84, and transformed to NZGD 2000 New Zealand Transverse Mercator for analysis.
The home ranges (MCP and Kernel) were calculated using the Animal Movement Analyst extension to ArcView [14] . MCP estimators are thought to overestimate space use [13] ; however, they were used here to enable comparison with other studies and to map the maximum area potentially required by each falcon. A kernel-based home range utilising the 95% probability contour was used as a second measure to reduce outlier bias. The least-squares cross validation procedure was used to determine the smoothing parameter. We also used the kernel method to estimate compartment selection by identifying the compartments within each 95% kernel area, then calculated the age of each compartment and identified the number of falcon locations within them. 
Results

Falcon Movements.
One male and one female adult falcon were continuously tracked for approximately three years. Three juvenile falcons, two male and one female, were tracked for approximately five months each.
The movements of the falcons and locations of their nest sites are presented in Figure 1 . Their home range sizes are in kernel home range and 61 km 2 MCP. The kernel home range sizes during the nonbreeding and breeding seasons were compared for each adult falcon and were similar for both (Table 1) .
All falcons except the adult male ranged beyond the Kaingaroa Forest boundaries. Six percent (N = 5) of the adult female locations registered outside the forest, with one location 13 km from the boundary, and the remaining within 2.5 km of it. The juvenile female ranged outside the forest approximately 9% (N = 8) of the time, but all of these locations were within 3 km of the boundary. Juvenile male 2 was located outside the boundary 2% (N = 3) of the time and was never further than 0.5 km from the boundary. Juvenile male 1, however, was tracked outside the Kaingaroa International Journal of Ecology Juvenile male 1 exhibited this same behaviour for the first two and a half months before leaving the nest area and travelling approximately 50 km over a two-day period to Lake Taupo Forest. He then returned to Kaingaroa Forest, but to an area approximately 16 km from his nest site.
For this paper, dispersal was calculated from when the juvenile left the adult home range. The radius of this adult home range (MCP) was between 4 and 6 km. Using the 4 km radius, the number of days from fledging to when the three n/a n/a n/a n/a n/a Juv male 1 587 412 n/a n/a n/a n/a n/a Juv male 2 86 12 n/a n/a n/a n/a n/a Juv female  2005  59  78  8  2  0  0  32  20  Juv male 1  2006  11  5  15  23  29  54  45  18  Juv male 2  2007  15  26  0  0  50  33  35  41   Adult female   2002  13  16  11  3  48  42  29  39  2003  16  18  8  3  44  38  32  41  2004  13  17  7  5  40  35  40  44   Adult male   2006  7  26  29  22  29  26  36  26  2007  3  1  32  45  32  28  32  24  2008  3  1  21  26  41  46  34  27 1 The compartments within each falcons' 95% kernel home range were selected and the percentage of available area within each age group was calculated. 2 The number of Argos locations within each compartment age was calculated as the percentage of use.
Age (days) juveniles dispersed from their natal territory was 68 days for the juvenile female and 69 and 58 days for juvenile male 1 and 2, respectively. Table 2 illustrates the falcons' use of compartments of different ages. It indicates the use of all compartments ages, used generally in proportion to their availability.
Performance of the Technology.
The technical details for each PTT are presented in Table 3 . Between 32%-54% of all recorded transmissions from the five PTT's were LC 3, 2, and 1 (<1000 m), while 8%-33 % were LC 3 and 2 (<350 m). The lowest percentage of useable locations (8%), belonged to the adult female. She was the first falcon to be tracked and her transmitter was the oldest model.
Preset duty cycles are intended to regulate transmitter battery usage. It can be useful to analyse how efficiently duty cycle on times are being utilised as an indication of possible n/a n/a 1 "Accuracy" (mean) is the offset, or bias, of that mean relative to the true location points, whereas "Precision" (s.d.) is a measure of the tightness of the grouping, being the clustering of points about the mean of those points [15] . 2 Transmitter one was tested for two and a half years. The "true" location was not known so the mean location was calculated using the set of 588 LC 3 locations (−38.82511, 176.58243). This transmitter had 25 locations removed of LC 3, 2, 1, A, and B. These locations either had incorrect formats or distances from the mean of >400 km indicating impossible speeds and deeming them to be serious outliers. 3 Transmitter two was tested for six months. 4 bias in the data. All transmitters were equipped with a 10-hour on duty cycle and, using LC 3, 2, and 1 locations, the average time between the first location and last location within this duty cycle on time was four and a half hours or 270 minutes (range 172-366 minutes) with the average time between individual locations within the same duty cycle period being 99 minutes (range 86-109 minutes). From this duty cycle we got an average of seven locations per tracking day for locations of <1000 m (LC 3, 2, and 1), and four per tracking day for locations <350 m (LC 3 and 2). The average voltage for all transmitters ranged between 3.8 and 4.1 ( Table 3 ). The first location within each 10-hour on phase of the duty cycle gave an average reading of 3.93 V (range 3.81 V-4.17 V) whilst the final location average reading was 3.88 V (range 3.73 V-4.13 V), leading to an average difference between the first and final reading voltage of 0.048 V (range 0.031 V-0.081 V). Throughout the tracking period, the adult male and female transmitters showed no decline in voltage, the juvenile male 1 and male 2 showed only very slight declines, with the juvenile female showing a more substantial voltage decline from an average of 3.95 to 3.75 V.
Most locations were obtained between 1600 h and 0600 h and virtually no falcons were located around midday (Figure 3 ). This pattern was also evident when analysing the locations from the two stationary PTT's. These were transmitters that detached from the falcons but continued transmitting for a 30-month and a six-month period. During low PTT acquisition periods, we also observed a deterioration in location quality ratings.
We used the two stationary PTT's to test the accuracy of the system (Table 4) . The results show the one-standarddeviation accuracy for LC 2 locations (the minimum location class used for ecological analysis in this study) to be 0.8 and 0.6 km, compared to the 0.35 km suggested by Argos. As one of the transmitters was never recovered, the true position for that transmitter was estimated to be the mean location of the LC 3 (N = 588) locations.
Discussion and Conclusions
Technical Effectiveness.
Understanding how effectively the technology functioned can provide important cues as to the quality of the data used for ecological analysis, hence improving interpretation. It can highlight areas of possible bias in the data as well as times when caution should be exercised when making assumptions that may underpin management decisions. The number of high confidence PTT locations transmitted during this study is more than that reported for similar studies. Almost 50% of the locations transmitted from four of the five units were LC 3, 2, and 1 (accuracy <1 km) locations and approximately 25% LC 3 and 2 (accuracy <350 m) ( Table 3) . Britten el al. [16] tracked peregrine falcons (Falco peregrinus anatum) in Alaska, Utah and Arizona and obtained 11% of LC 3, 2, and 1 locations. This was similar to Soutullo et al. [17] who tracked golden eagles (Aquila chrysaetos) and Bonelli's eagles (Hieraaetus fasciatus) throughout the Iberian peninsula obtaining less than 10% of LC 3, 2, and 1 locations. Ganusevich et al. [18] tracked peregrine falcons in northern Russia and obtained an average of 52% LC 3, 2, 1, and 0 locations, whilst Nicholls et al. [19] tracked albatrosses, petrels and shearwaters using Argos and obtained approximately 13% LC 3, 2, and 1 locations. Meyburg and Fuller [20] report that for most bird tracking studies LC 2 and 3 locations occur approximately 10%-15 % of the time. If the number of LC 3, 2, and 1 location points is insufficient, it is possible to use LC 0 locations, provided appropriate filtering methods are used [15] . However, given the frequency of high quality location transmissions in this study, it was not necessary to use LC 0 locations.
For most of the time all the solar-charged batteries remained well charged indicating that the forested environment of Kaingaroa did not impede the charging of the solar array or the efficiency of the duty cycle. The average voltage readings for each of the transmitters (Table 3 ) was higher than required for operating. The difference in the charge of the units between the start and completion of the cycle was low with the transmitters holding an average charge of 3.9 V (range 3.7 V-4.1 V) for each final location reading. The minimum requirement for successful location acquisition is 3.6 V for both the 12 and 18 g transmitters; therefore, it is possible we could have utilised a longer on time during the duty cycle, such as 14 hours on/24 hours off, thereby increasing the number of locations obtained for analysis. With no declines in the units' charge just prior to going offline, it is reasonable to assume that the battery was unlikely to have contributed towards PTT transmission failures.
Most of the location points for this study were recorded between 1600 and 0600 hours (Figure 3) , even though the interval between NOAA satellite overpasses over Kaingaroa Forest was evenly spaced throughout the day. The one anomaly with the satellite overpasses in this area was reduced satellite reception around local noon, a known phenomenon in the Southern Hemisphere [21] . As this location acquisition time pattern was observed on both our moving birds and stationary transmitters it would appear that this is likely associated with technical issues related to the Argos system rather than the behaviour of the falcons.
Behavioural issues, however, should still be considered as possible reasons for lower number and quality of locations. There were fewer quality locations received during the day (0600 and 1600 h) when more movement is expected. Consistent with that, Kenward [22] noted that movement can cause accuracy errors of approximately 100 m for each km h −1 of movement, thus the location error could be up to 4 km for a bird flying at 40 km h −1 . The Argos system does not correct for this movement error, therefore, PTT's moving while transmitting may incorrectly report the accuracy class due to instability during location calculation. This issue, along with thick vegetation blocking the signal, indicates that bias will tend towards places and activities where the location quality is higher and away from identifying any hunting behaviour when fast flying is occurring or resting sites obscured from satellite reception.
The location accuracy of Argos was tested using two stationary PTT's and the results are presented in Table 4 . Whilst these reveal a pattern of improvement reflected in the higher confidence LC classes, they show larger errors than those quoted by Argos [11] . Transmitter 2 is shown to be more reliable than transmitter 1. However, the true location point calculated from transmitter 1 was estimated from the mean of known Argos locations rather than identifying its true location. Also, the results may not be representative of moving birds due to the effect on accuracy from fast flying [22] , and that both transmitters were stationary during this test. Thus, the error and the Argos positions for the two stationary transmitters is likely an underestimate of the error for the moving falcons.
Our results compare to Hyrenbach et al. [23] who tracked black-footed albatrosses (Phoebastria nigripes) off central California obtaining errors of 0.44 km (LC 3), 0.73 km (LC 2), and 1.53 km (LC 1). Nicholls and Robertson [15] , who undertook a comprehensive study of the location accuracy of PTT's, found that accuracy and precision errors were also larger than those stated by Argos. Their analysis revealed that poorer quality locations (LC 0, A, B, and Z) resulted from poor satellite reception as well as inaccuracies due to elliptical rather than circular orbits.
For the most part, PTT/Argos technology allowed us to achieve our research objectives. However, there are problems with using Argos satellite technology for tracking International Journal of Ecology 7 fine scale movements. These result from low and uncertain accuracy, the inability to detect travel speed, the irregularity of acquisition times, and possible bias from unsuccessful locations caused by either fast flying movement or rest areas obscured by scrub or bush. Because of these issues it was also difficult to ascertain whether the location of a falcon implied occupation or just a momentary passing over.
For studies that do require finer scale analysis we recommend the use of GPS technology if the field conditions allow for it. GPS technology has the advantage of providing many highly accurate location and speed calculations obtained on a regular schedule. This can enable detailed movement patterns to be identified, and if the Argos system is used as the download method, it can be very cost efficient over the long-term. However, GPS does require a clear horizon to enable full view of the satellites, which can be compromised by diverse vegetation or mountain ranges [24] . Given that Kaingaroa Forest has a number of mature pine compartments that are densely forested, it may not be appropriate for GPS technology to be used in this environment until further advances have been made. In addition to transmission problems, the New Zealand falcon may be too small to wear the slightly heavier GPS transmitters currently available. However, given that the solar charged batteries used in the Argos transmitters performed well in this environment, the use of future smaller solar units should be considered.
Ecological Outcomes.
The MCP home ranges of the female and male adult falcons tracked over the three years of this study were 147 and 61 km 2 , respectively, whilst the 95% kernel home ranges were 90 and 8 km 2 , respectively ( Table 1 ). The male generally remained within 4 km of his original nest site. The female falcon also remained close to her nest, with each successive nest located on average 5 km apart and no more than 7.5 km apart during the three years. For both the male and female, the home ranges were larger than those suggested by Seaton [9] who reported the mean adult female and male 95% MCP within Kaingaroa Forest as 6.15 km 2 and 9.23 km 2 , respectively. The variation in results may be attributed to the use of a different tracking method as well as home range calculation. Seaton [6] used VHF tracking to obtain a relatively low number of location points during a short time period and this can understate a home range when compared with results from continuous satellite tracking methods. However, our home ranges were similar to those suggested by Fox [7] who reported the MCP home range of adult Eastern falcon pairs within South Island indigenous forest to be 75 km 2 . It is thought that home ranges within indigenous forests are larger than in pine plantations because prey are less abundant [25] .
The 95% kernel home range of the three juveniles was 44 km 2 (female), 412 km 2 (male 1), and 12 km 2 (male 2). Juvenile male 1 had an unusually large home range consisting of three distinct high use areas. Two of these were located within Kaingaroa Forest and the third was in a pine forest approximately 50 km away (Figure 1 ). Tracking the falcons revealed that all three juveniles left the forest at some point. This is consistent with Seaton's [6] finding that 90% of juvenile birds left the forest at some time during their first autumn and winter, mostly on short visits to adjacent farmland.
We had expected this diurnal species to remain near the nest after dark. However, they were not noticeably closer to the nest during the night than at other times and their nighttime home ranges were either similar to or larger than during daylight hours. It should be noted, however, that aside from increased movement, the larger home range identified during the night may have resulted from the larger number of locations obtained during this time (Figure 3) .
Juvenile falcons fledge at around 34 days after hatching [26] , with all three juveniles in this study caught and tagged at around 75 days old. During the first month after fledging, juveniles are thought to defend the nest area actively, after which time this defense declines [26] . Based on a dispersal distance of >4 km from the nest, the juvenile female left her natal home range 68 days after fledging and the males at 69 and 58 days. Similarly, Seaton [6] reports that the juveniles tracked in his study dispersed out of the natal home range an average of 76 days after fledging, with the first females dispersing at 56 days and the first males at 42 days. His study, however, used a smaller dispersal distance of >1.7 km to infer dispersal, due to the apparently smaller adult home ranges in his study. Around the time of natal dispersal, juvenile mortality is high for many falcon species [27] . Seaton [6] suggests that the distances and timing of natal dispersal are highly variable and influenced by factors such as parental aggression, brood size, weather, and prey density. There is also evidence to suggest that the dispersal for this species may be initiated later in indigenous forests than plantation forests [28, 29] . This may be attributable to the higher density of food in plantation forests, allowing for hunting skills to develop at a faster rate within these forests, leading to earlier independence from adults [6] .
Seaton [9] reports that adult falcons prefer stands <4 years and >20 years, however, our findings do not support this. We found that falcons use compartments of all ages in proportion to their availability (Table 2 ). This does not mean that selection was not occurring but that more accurate GPS transmitters and a larger sample size are needed to be more confident about falcons' compartment selection behaviour. It is also thought falcons prefer to hunt along the edges of older aged stands due to the high availability of prey along the ecotone between plantation compartments of old and young trees [9] . However, due to the small width size (25-30 m) of an ecotone, we would not be able to determine this without the use of finer scale tracking methods.
From our study we found: home ranges varied for both adults and juveniles; juveniles remain in the forest after dispersal, suggesting that sufficient resources are available; juveniles spend the first two and a half months after fledging within ca. 8 km of their nest; one of the juveniles left Kaingaroa Forest after two and a half months, flew directly to an adjacent plantation forest, before returning to Kaingaroa Forest; and finally the variance in ages of compartments selected by falcons indicates that all stand ages provide important habitat for falcons and whilst four of the five 8 International Journal of Ecology falcons visited areas outside the forest, they all returned to Kaingaroa.
We found that Argos satellite technology performed well and the collection of continuous data on falcon movement has refined our understanding of the ecology of the species. Our results highlight the importance of plantation forests to the New Zealand falcons and of forestry management practises that maintain a mosaic of different aged pines.
